PARTICLE COLLECTION APPARATUS AND METHOD 



Cross-References 

This application is a continuation application of U.S. Patent Application number 09/974,682, 
5 filed October 10, 2001, the contents of which are incorporated herein by reference. 

The present invention relates generally to an apparatus and method for collecting particles 
suspended in a gas and, more particularly, to a sampling apparatus and method for collecting 
particulate matter for counting and analysis. 

The detection of airborne particulate matter, including fibers, pollen, mold and fungal spores, 

10 insect parts, flora and other bioaerosols, and the like, is a continuing and expanding area of 
development for minimizing health risks to populations. Environmental professionals need to 
determine the presence and quantity of deleterious particles, such as asbestos fibers, in the air. 
Aerobiologists and allergists need to identify and quantify airborne pollen and mold spore 
concentrations for patient diagnosis. Epidemiologists are concerned with particles carrying bacteria, 

15 such as that responsible for Legionnaires Disease in air conditioning systems. Moreover, federal and 
industrial standards have been established for allowable concentrations of particular matter in the 
atmosphere of various environments. As a result, it is necessary to regularly test some environments 
to determine the concentration of particles in the atmosphere for maintaining a particular standard or 
self-regulating quality control. 

20 Devices for sampling airborne particulate matter generally include a housing having inlet and 

outlet openings, a pump for drawing a gas flow through the housing, and a separator within the 
housing for collecting particles from the sampled gas. In a conventional sampling device, referred to 
as an "impactor", the separator is a flat "impaction plate", usually a microscope slide. In use, a flow 
of sampled gas comprising, for example, air and particles carried by the air, is drawn through the 

25 impactor. The flow is directed through the inlet opening in the housing and toward the impaction 
plate. The stream of gas is diffused radially outwardly at the impaction plate surface and flows 
around the impaction plate. Particles in the gas stream larger than a certain size have high enough 
inertia to cross streamlines and impinge upon the impaction plate and are separated from the gas 
stream. Since the particles tend to bounce when they hit the impaction plate, the impaction plate 

30 surface is coated with an adhesive. Smaller particles remain in the gas stream and pass out of the 
housing through the outlet opening. Upon completion of sampling, the impaction plate is manually 
removed from the impactor for microscopic inspection, weighing or chemical analysis of the 
collected particles. 
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Collection efficiency of an impactor is a measure of the percent of particles which are 
collected on the impaction plate as a function of the particle size. The collection efficiency is 
usually reported as the smallest particle collected at 50% efficiency. This is known within the art as 
the 50% cut-off size (dso). The size range of the particles collected on the impaction plate, and the 
5 dso, is a function of the diameter of the inlet opening and the distance of the impaction plate from the 
opening, which is referred to as the jet-to-plate distance. These parameters are reported as a 
dimensionless ratio, SAV, where S is the jet-to-plate distance and W is the diameter of the inlet 
opening of the impactor. The 50% cut-off size is dependent upon SAV. Generally, as SAV 
decreases, the impactor' s collection efficiency of smaller particles increases. 

10 Collection of smaller airborne particulate such as mold and fungal spores and other 

bioaerosols has recently become a priority. Efficient mold and fungal spore collection requires a 
sampling device with a d 50 of less than about 2 fim. To achieve this collection efficiency, the 
tendency is to reduce the SAV of the impactor. In practice, however, when SAV is less than one, 
conventional impactor performance becomes unpredictable yielding inconsistent results. Thus, it 

15 has been suggested that the minimum jet-to-plate distance for an impactor should provide an SAV 
equal to one or greater. In this configuration, small variations in jet-to-plate distance will not effect 
the value of dso. Unfortunately, impactors designed and operated according to these accepted 
parameters cannot efficiently collect particles below about 2.5 \im. and thus are inadequate for 
smaller particulate collection. 

20 Another important characteristic of impactors is the gas sampling flow rate. The flow rate 

through the impactor must be calibrated prior to sampling in order to accurately calculate the 
sampling results. With conventional impactors, the flow rate through the pump is typically 
calibrated using a rotameter upstream of the pump. However, because the pump is spatially 
removed from the actual particle collection site at the impaction plate, the calibrated flow rate at the 

25 pump may not be the same as the flow rate at the point of impaction. This can lead to inaccurate 
sampling results. 

For the foregoing reasons, there is a need for a particle collection apparatus and method for 
the collection of airborne particulate below about 2.5 ^m. The new apparatus should be designed for 
sampling airborne particles in various environments and applications, including environmental air 
30 quality, industrial and occupational monitoring. The new apparatus should also allow for accurate 
calibration of the gas sampling flow rate at the point of impaction. 
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Summary 

According to the present invention, an apparatus and system is provided for collecting 
particles entrained in a gas from a source of gas and particles. The apparatus and system comprise a 
housing defining an enclosed chamber. The housing has an inlet opening providing fluid 
5 communication between the source of gas and particles and the chamber, and an outlet opening 
providing fluid communication between the chamber and the exterior of the housing. The outlet 
opening is connected to a fluid flow producing means for drawing gas and particles through the 
housing from the inlet opening to the outlet opening. A collecting member having an adhesive on at 
least a portion of the surface is disposed in the chamber between the inlet opening and the outlet 

10 opening. The adhesive surface of the collecting member is positioned adjacent to the inlet opening 
so that the ratio of the distance between the inlet opening and the collecting member surface to the 
diameter of the inlet opening is less than about 1. When gas and particles are drawn from the source 
through the housing, the inlet opening directs a stream of gas and particles at the surface of the 
collecting member. Particles carried in the stream having an aerodynamic equivalent diameter of 

15 less than about 2.5 \im are captured on the collecting member. 

Also according to the present invention, a method is provided for collecting particles having 
an aerodynamic equivalent diameter of less than about 2.5 ^m. The method comprises the steps of 
providing a housing defining an enclosed chamber. The housing has an inlet opening providing fluid 
communication between a source of gas and particles and the chamber, and an outlet opening 

20 providing fluid communication between the chamber and the exterior of the housing. The outlet 
opening is connected to a fluid flow producing means for drawing gas and particles through the 
housing from the inlet opening to the outlet opening. A collecting member is provided and at least a 
portion of the upper surface of the collecting member is coated with an adhesive. The collecting 
member is positioned in the chamber between the inlet opening and the outlet opening so that the 

25 ratio of the distance between the inlet opening and the surface of the collecting member to the 

diameter of the inlet opening is less than about 1. Gas and particles are drawn from the source and 
through the housing so that the inlet opening directs the gas and particles at the surface of the 
collecting member for capturing the particles on the surface of the collecting member. 



30 Brief Description of the Drawings 

For a more complete understanding of the present invention, reference should now be had to 
the embodiments shown in the accompanying drawings and described below. In the drawings: 
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FIG. 1 is a perspective view of an embodiment of an apparatus for collecting particles entrained 
in a gas according to the present invention; 

FIG. 2 is an exploded perspective view of the particle collection apparatus as shown in FIG. 1; 

FIG. 3 is an elevational sectional view of the particle collection apparatus shown in FIG. 1; 
5 FIG. 4 is a close-up view of the area adjacent the inlet opening of the particle collection 

apparatus as shown in FIG. 3; 

FIG. 5 is a perspective view of an embodiment of an apparatus for calibrating the particle 
collection apparatus shown in FIG. 1; 

FIG. 6 is an elevational sectional view of the calibration apparatus shown in FIG. 5 in position 
10 on the particle collection apparatus; 

FIG. 7 is a perspective view of another embodiment of an apparatus for collecting particles 
according to the present invention; 

FIG. 8 is a schematic of an experimental system for testing particle collection efficiency of an 
impactor; and 

15 FIGs. 9A, 9B and 9C show the particle collection efficiency of an embodiment of an apparatus 

according to the present invention for oleic acid particles, polystyrene latex particles and two fungal 
spore species at three S/W ratios. 

Description 

20 Certain terminology is used herein for convenience only and is not to be taken as a limitation 

on the invention. For example, words such as "upper," "lower," "left," "right," "horizontal," 
"vertical," "upward," and "downward" merely describe the configuration shown in the FIGs. Indeed, 
the components may be oriented in any direction and the terminology, therefore, should be 
understood as encompassing such variations unless specified otherwise. 

25 Referring now to the drawings, wherein like reference numerals designate corresponding or 

similar elements throughout the several views, an embodiment of a particle sampling apparatus 
according to the present invention is shown in FIG. 1 and generally designated at 10. The sampling 
apparatus 10 includes a cylindrical housing assembly 12 consisting of an upper, top member 14 and 
a lower, base member 16. The top member 14 has an integral, cylindrical protuberance 18 

30 projecting upwardly from the top surface and defining a tapered, or conical, inlet passage 20. The 
wall of the inlet passage 20 tapers smoothly down at an angle of about 15° to about 30° to a circular 
inlet opening 22 in the top member 14. A corresponding outlet port 24 is provided in the base 
member 16 allowing for the flow of gas through the housing 12. A male hose barb fitting 26 in the 
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outlet port 24 receives one end of an elongated flexible tube 28. The other end of the tube 28 is 
connected to a conventional vacuum pump, not shown, which is used to draw gas through the 
housing 12. 

The cylindrical shape of the housing 12 is preferred for convenience and ease in manufacture 
5 and use, although any other exterior shape may be used if desired. The housing 12 is preferably 
made of aluminum, but may be formed from any suitable material such as, for example, 
thermoplastics. The housing 12 can be formed by machining, stamping, injection molding, and the 
like. 

Referring now to FIG. 2, the base member 16 of the housing 12 has a flat upper surface 30 

10 having a central, cylindrical recess 32. The floor of the recess 32 has a circular outlet opening 34 
into an outlet passage 36 (FIG. 3) which passes downwardly and then transversely through the base 
member 16 and opens through the outlet port 24 in the sidewall of the base member 16. An o-ring 
38 is disposed in an annular groove 40 spaced from the periphery of the upper surface 32 of the base 
member 16. Alternatively, the o-ring 38 could be similarly positioned in the top member 14. 

15 An impaction plate 42 is seen in FIG. 2, comprising a flat, rectangular member. A 

microscope slide is particularly advantageous for use as the impaction plate 42 since the particles 
collected are usually microscopically analyzed. Opposed rectangular slots 44 are provided in the 
surface 30 of the base portion 16 adjacent the recess 32. The ends of the impaction plate 42 are 
received in the slots 44 so that the impaction plate is suspended over the recess 32. The depth of the 

20 slots 44 is such that the upper surface of the impaction plate 42 is above the upper surface 32 of the 
base member 16. The width of the impaction plate 42 is less than the diameter of the recess 32 so 
that a peripheral gas passageway exists around the impaction plate and into the recess 32. If desired, 
other means for supporting the impaction plate 42 may be provided so long as the impaction plate is 
held in place adjacent the inlet opening 28 above the upper surface 32 of the base member 16 and 

25 gas flow is permitted around the impaction plate 42. For example, a plurality of pegs may be 

provided extending from the inner surface 46 of the top member 14 or the upper surface 30 of the 
base member 16, which serve to hold the plate 42 in place when the housing 12 is closed. 
Alternatively, the impaction plate 42 could lie directly on the surface 30 of the base member 16 and 
be held in place by the joined top 14 and bottom 16 portions of the housing assembly 12. 

30 The top member 14 of the housing 12 has an internally-threaded downwardly depending 

peripheral flange 48. A length of the outer peripheral surface of the base member 16 is externally 
threaded for receiving the top member 14. When the housing 12 is assembled (FIG. 3), the o-ring 38 
is compressed against the inner surface 46 of the top portion 14 thereby forming a seal which 
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prevents air leaks at the interface between the top member 14 and base member 16. Other types of 
releasable fasteners can be used to assemble the housing 12, such as wing nuts, screws, bolts, and the 
like, passing through suitable holes in the periphery of the housing 12 spaced from the o-ring 38. 
As seen in FIGs. 3 and 4, a shallow recess 47 is formed in the inner surface 46 of the top 
5 member 14. When assembled, the housing 12 defines an interior chamber 50 bounded by the walls 
of the recess 32 in the base member 16 and the recess 47 in the inner surface 46 of the top member 
14. The chamber 50 is sufficiently sized to meet the gas flow rate requirements of the sampling 
apparatus 10. The diameter of the recess 47 is less than the length of the impaction plate 42 so that a 
portion of the inner surface 46 of the top member 14 engages the ends of the impaction plate 42 for 

10 retaining the plate in position in the slots 44. Thus, the distance of the inlet opening 22 in the top 
member 14, which opens into the chamber 50 directly above the center of the impaction plate 42, is 
selected according to the depth of the recess 47. A layer of clear adhesive, not shown, is applied to 
the surface of the impaction plate 42 facing the inlet opening 28 for capturing particular matter 
entering the housing 12 that impinges against the plate 42. Typical adhesives suitable for use in this 

15 application include high impact grease, pressure sensitive adhesive tape, permanently tacky resins, 
and the like. 

In operation, the vacuum pump operates to draw gas and particulate matter through the 
housing 12. The flow of gas and particles is indicated by the arrows in FIGs. 3 and 4. The gas and 
particles are drawn from the ambient atmosphere and enter the inlet passage 20. The gas moves 

20 down the inlet passage 20, through the inlet opening 22 and into the chamber 50 in the housing 12. 
The flow of the stream of gas is in a direction substantially axial to the inlet passage 20 and 
perpendicular to the impaction plate 42, although it is understood that turbulence may be induced by 
the inlet passage 20. The impaction plate 42 blocks straight through flow of gas and particulate 
matter between the inlet opening 22 and outlet opening 34. The gas stream is diffused radially 

25 outwardly from the center of the impaction plate 42. Inertia causes particles with sufficient mass to 
impinge upon the surface of the plate 42. The gas stream and particles which are not impacted pass 
around the edges of the plate 42 into the recess 32, through the outlet opening 34 in the floor of the 
recess 32 into the outlet passage 36 and out of the outlet port 24. After a predetermined period of 
time, the pump is stopped, the housing 12 disassembled and the impaction plate 42 removed from 

30 the housing 12 for analysis. A new impaction plate 42 is reassembled within the housing assembly 
12 for subsequent sampling. 

According to the present invention, the particle collection apparatus 10 preferably collects 
particles having a diameter less than about 2.5 ^im. In order to achieve these results, the ratio of the 
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jet-to-plate distance, S (FIG. 4), to the diameter of the inlet opening 22, W, is selected to be less than 
about 1 in order to collect particles less than about 2.5 ^im. Further, the SAV can be arranged to 
efficiently collect particles as small as 0.5 \im but, depending upon the sampling environment, this 
could lead to sample overload which cannot be accurately counted under a microscope. Preferably, 
5 the SAV is about 0.5. More preferably, the SAV is about 0.1 which yields an efficiency curve which 
consistently yields a d 50 of less than about 2 \im. 

In one embodiment of the present invention, the user may select from among several 
different top portions 14 each with the same inlet opening 28 diameter but differing recess 47 depths. 
Thus, the user may selectively determine the jet-to-plate distance by utilizing a top portion 14 with 

10 the appropriate recess 47 depth. By selection of a top portion 14 with a known recess 47 depth, the 
user can configure an impactor having a known SAV for selecting the size of the particles collected 
by the apparatus 10. For collecting particles having a diameter less than about 2.5 Jim, the perferred 
jet-to-plate distance is less than about 0.08 inches, and the more preferred jet-to-late distance is 
about 0.02 inches or less. Thus, as an example, for an SAV of about 1, an inlet opening diameter of 

15 aobut 0.02 inches is required. An SAV of 0.1 or less would require an inlet opening diameter of 
aobut 0.2 inches or less. 

Further in accordance with the present invention, FIG. 5 shows a cylindrical cap 66 which 
may be formed from the same material as the housing 12. The cap 66 has a central inlet opening 68 
for threadably receiving a male hose barb fitting 70. As seen in FIG. 6, the cap 66 is designed to fit 

20 over the protuberance 18 on the top member 14 of the housing 12. The inner diameter of the cap 66 
is slightly greater than the circumference of the protuberance 18 so that the cap 66 fits tightly over 
the protuberance 18. An annular groove 72 is provided in the cap 66 for seating an o-ring 74 for 
sealing the interface between the cap 66 and protuberance 18. The cap 66 defines an outwardly 
tapered inlet passage 76 which terminates in a circumferential shoulder 78 which seats against the 

25 upper surface of the protuberance 18. 

In one embodiment, the cap 66 is used to calibrate the gas flow rate through the particle 
collection apparatus 10 prior to use. In this application, the fitting 70 on the cap 66 is connected to a 
metering device, not shown, by means of a flexible tube 80. Note that the impaction plate 42 does 
not have an adhesive surface in this function. The pump is operated for drawing gas through the 

30 housing 12 including the cap 66 (FIG. 6) and the flow rate is calibrated according to methods known 
in the art. The cap 66 design and location allows determination and calibration of the gas flow rate 
at the point of particle impaction. This calibration method for the gas flow rate enhances sampling 
integrity by assuring calibration is accurate at both the pump and the impaction point. In a preferred 
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embodiment, the metering device is an NIST-certified primary standard for determining the flow 
rate. 

In another embodiment, a tubular wand 82 (FIG. 7) may be attached to the free end of the 
tube 80 connected to the cap and used to draw gas and particle samples from areas inaccessible to, or 
5 inconvenient for use of, the apparatus 10. For example, the wand 82 can draw samples from walls, 
curtains, carpets, in the manner of a vacuum cleaner, or from cracks and other confined areas such as 
inner walls. 

The particle collection apparatus 10 and method of the present invention is capable of 
effective, repeatable collection of particulate matter smaller than collected by conventional 

10 impactors. Moreover, the apparatus 10 may be used under a variety of conditions, in any desired 

location including confined areas such as ventilation ducts, and in any orientation. Since the tube 28 
connected between the outlet port 24 and the pump may be any length, the pump may be placed at 
any selected location remote from the sampling site. Where great variation in tube 28 lengths is 
anticipated, a variable speed vacuum pump can be used so that gas flow losses due to friction and 

15 very long tubes can be accommodated providing substantially uniform air flow through the system 
10. 

The particle collection efficiency of several embodiments of the apparatus of the present 
invention 10 was demonstrated using a test system schematically shown in FIG. 8. Test aerosols 
comprising oleic acid or polystyrene latex (PSL) particles were generated by a Collison nebulizer 54 

20 manufactured by BGI Inc., of Waltham, MA. The test aerosols were diluted with HEPA-filtered 
compressed air, Qdil- The diluted aerosol passed through a 10-mCi 85 Kr electrostatic charge 
equilibrator 56 manufactured by TSI Inc., Model 3012, of St. Paul, MN, and into an aerosol chamber 
58 housing an embodiment of the sampling apparatus 10 of the present invention. The aerosol 
particles were alternately sampled upstream and downstream of the sampling apparatus 10. The 

25 upstream aerosol concentration, Cup, and the downstream aerosol concentration, Cdown, were 
measured by an aerodynamic particle size spectrometer 60 manufactured by Amherst Process 
Instruments, of Hadley, MA, and sold under the trade name Aerosizer. The spectrometer 60 was 
operated at a flowrate, Qaer, of 5.1 Lpm. When C up was measured, the spectrometer's 60 inlet was 
arranged to have a similar configuration as the inlet of the sampling apparatus 10. The sampling 

30 lines 64 used for C up and C d0 wn measurements were both 30 cm long so that particle losses in these 
lines, if present, were the same. 

Since the sampling flow rate of 20 Lpm was greater than Qaer, the extra air was bypassed, Qbypass, 
and monitored by a mass flow meter 62. 
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Using the particle size distribution data measured upstream and downstream of the sampling 
apparatus 10, the overall particle collection efficiency, Ec, was determined as follows: 

E c =(i-^e2SSW) X ioo% (1) 

This efficiency is equal to the actual physical collection efficiency of the apparatus 10 if the internal 
5 losses are negligible. During each test sequence, the measurement of particle concentrations Cdown 
and Cup was repeated three times for each specific configuration of the apparatus 10. Using these 
data the average value of the collection efficiency and the standard deviation were calculated. A 
new glass microscope slide was installed as the impaction plate for each test run. 

Three different configurations of the apparatus of the present invention 10 were tested. The 

10 diameter of the inlet opening for all four configurations was 0.182". The jet-to-plate distance was 
varied resulting in an SAV for each configuration of 0.033 (FIG. 9A), 0.066 (FIG. 9B) and 0.099 
(FIG. 9C), respectively. FIGs. 9A-9C present the particle collection efficiency for the three 
configurations of the apparatus 10 when collecting polydisperse oleic acid particles and 
monodisperse PSL particles at a flow rate of 20 Lpm. Table 1 shows the cutoff sizes, d 50 , of the 

15 apparatus 10, which decreased with decreasing SAV. 



Table 1 



20 



Sampling Apparatus 
Configuration 


Particle Collection Efficiency (d 50 ) 


SAV 


Oleic acid particles 


PSL particles 


0.033 


0.86 um 


1.0 um 


0.066 


1.12 um 


1.4 um 


0.099 


1.5 um 


1.75 um 
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The collection of PSL particles was less efficient than collection of oleic acid particles of the 
same size, which may be attributed a "bounce effect" of the PSL particles. Oleic acid particles are 
very sticky and adhere well to the adhesive surface of the impaction plate 42. The PSL particles do 
not adhere well to the impaction plate 42 and may be re-aerosolized even after they are impacted, 
5 thereby contributing to the downstream particle count. Moreover, larger PSL particles impact with 
force sufficient to "splash" the coating of the surface rendering the plate surface less sticky for 
subsequent incoming particles. This effect may be more pronounced for higher particle 
concentrations. 

All configurations achieved a particle collection efficiency below 2.5 Jim when collecting 

10 oleic acid particles and PSL particles. This overall collection efficiency is sufficiently high to 

anticipate that airborne fungi will also be collected efficiently, subject to particle bounce effect and 
internal losses. Accordingly, the experimental system was modified to determine the spore 
collection efficiency of the apparatus 10 with two species of fungal spores, Cladosporium 
cladosporiodes (d ae =L8 um) and Asperigillus versicolor (d ae =2.5 um). These microorganisms 

15 commonly occur in indoor and outdoor environments in various climate zones worldwide. Prior to 
the experiments, C. cladosporioides and A. versicolor were cultured in dispersion tubes containing 
malt extract agar (MEA), and were then incubated at 25°C for 7 days. The dispersion tubes were 
inserted into an agar-tube disperser for dry spore generation, as previously described by Reponen, T., 
K. Willeke, V. Ulevicius, A. Reponen, S. A. Grinshpun, and J. Donnelly, Techniques for Dispersion 

20 of Microorganisms Into Air, Aerosol Science and Technology, 27:405-421 (1997). The Collison 
nebulizer was replaced with a bioaerosol generator 54 which generated fungal spores from the agar- 
tube dispersers by passing HEPA-filtered air through the disperser. The fungal spores were not 
charge neutralized. The upstream and downstream aerosol concentrations were measured using an 
optical particle counter from Grimm Technologies, Inc. (Model 1.108), of Douglasville, Georgia, 

25 operated at a flow rate of 1.21 Lpm. 

Equation (1) was used to calculate the efficiency of the apparatus. This efficiency represented 
the fraction of particles of a given size that were captured by the apparatus 10, irrespective of the 
location of their collection, but did not account for internal losses. Counting the number of spores 
collected on a slide (Cslide) and then comparing this number with spore concentration upstream of 

30 the sampler (Cup), the actual collection efficiency was calculated as follows: 

Ecmicroscope = (1 - C S LIDe/Cup) X 100%, (2) 
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The difference between the collection efficiencies Ec and Ecmicroscope represents the particle losses 
inside the impactor. Therefore, Ecmicroscope is a more accurate performance characteristic for 
evaluating a bioaerosol sampler. 

The collection efficiencies of the fungal spores for each configuration is presented in FIGs. 
5 9A-9C. All three configurations were found adequate to collect both species of fungal spores with 
the actual efficiencies exceeding 50%. The highest collection efficiency was achieved with the 
apparatus having the lowest S/W (FIG. 8A). The differences between the overall capture 
efficiencies including internal losses, using the optical particle counter measurements of equation (1) 
and the actual collection efficiencies based on the microscopic counting of the impaction plate, 

10 equation (2), were statistically insignificant when collecting C. cladosporioides spores. For A. 

versicolor, the overall capture efficiency was somewhat higher than the collection efficiency based 
on the microscopic counting. One possible explanation may be that the spores of A. versicolor are 
released as single spores and agglomerates. It is known that A. versicolor can release chains of up to 
60-80 spores. The agglomerates impact on the impaction plate and may break up into smaller 

15 particles or fragments. Some of these particles remain on the impaction plate surface, while the 
others are re-aerosolized and may collect inside the housing. These internal losses contribute to the 
collection efficiency obtained from optical particle count readings which outnumber the actual 
collection efficiency based on microscopic slide counting. This may also explain why the actual 
collection efficiency of A. versicolor was slightly lower than C. cladosporioides although A. 

20 versicolor spores are larger and thus had higher inertia and should have impacted more efficiently. 

Although the present invention has been shown and described in considerable detail with 
respect to only a few exemplary embodiments thereof, it should be understood by those skilled in the 
art that we do not intend to limit the invention to the embodiments since various modifications, 
omissions and additions may be made to the disclosed embodiments without materially departing 

25 from the novel teachings and advantages of the invention, particularly in light of the foregoing 
teachings. Accordingly, we intend to cover all such modifications, omissions, additions and 
equivalents as may be included within the spirit and scope of the invention as defined by the 
following claims. In the claims, means-plus-function clauses are intended to cover the structures 
described herein as performing the recited function and not only structural equivalents but also 

30 equivalent structures. Thus, although a nail and a screw may not be structural equivalents in that a 
nail employs a cylindrical surface to secure wooden parts together, whereas a screw employs a 
helical surface, in the environment of fastening wooden parts, a nail and a crew may be equivalent 
structures. 

DUR1\352889-1 i i 



